Winter chilling is of central importance in the phenology of temperate annual and perennial plants. Chilling accelerates flowering through the process of vernalization and breaks both bud and seed dormancy, permitting the onset of growth in the spring. The quantitative effects of chilling in floral promotion in winter annual Arabidopsis accessions are well-documented, but very little is known about the basic physiology underlying summer annual responses to winter chilling, which acts on seeds within the soil seed bank. Here, we analyse the response of wild accessions to extended chilling in seeds, and explore the interaction between seed-maturation temperature and chilling responses. We show that two weeks of chilling induces secondary dormancy, and that this time period is not dependent on seed-maturation temperature. In addition, we found that seeds for most accessions set under simulated summer conditions in the laboratory are unable to overwinter in the soil seed bank, as they germinate without light during extended chilling treatments. This shows that these seeds are committed to re-establishment in the same growing season. Understanding how winter chilling affects the timing of Arabidopsis phenology will enable us to explore the genetics behind adaptation to changing climates, and inform rational approaches to breeding crops with improved performance under new climate scenarios and develop a systems ecology of Arabidopsis.
INTRODUCTION
Arabidopsis thaliana is an excellent model system for understanding adaptation and evolution [1] . Two decades of genetic research have revealed much detail of the molecular functions of plants that underlie their behaviour in field and laboratory conditions. Gene networks controlling Arabidopsis phenology, including flowering, germination and growth control are now well understood, as is the genetic basis of interactions with other organisms, including pathogen resistance, responses to herbivory and adaptations to competition with nearby plants. Importantly, these genetic pathways have been found to be widely conserved throughout both flowering and non-flowering plants, showing that techniques applied to predict Arabidopsis behaviour will be broadly applicable across all plants in an ecosystem.
Chilling, defined as the experience of non-freezing low temperatures, is an important signal for plant life histories. Chilling is well-known to induce pathways producing cold acclimation, which lead to the acquisition of freezing tolerance [2] . During winter, accumulation of a memory of prolonged chilling is important for the acceleration of flowering by vernalization, and for controlling the loss of bud dormancy, bud burst and germination in the spring [3] . It is well-documented that climate change is advancing these events in spring [4] . In addition, chilling can be important in autumn phenology, affecting the timing of leaf fall and in some horticultural species, notably apple, the onset of bud dormancy [5, 6] . Of particular importance in the UK is the fact that many of our fruit crops are sensitive to freezing injury if frosts coincide with spring flowering. Thus, there is concern that climate change may cause early flowering, but that the continuing stochastic chances of frosts will increase the chances of losing crop yield to late cool episodes. Conversely, lack of winter chilling may result in a failure to break dormancy that can result in lower yields of fruit crops. Evidence for this has recently been observed among vegetation on the Tibetan plateau [7] . Understanding the genetic basis of these traits is key to breeding new varieties that will outperform current favourites under new climate regimes.
Very little is known of how chilling responses are controlled in seeds, but much is generally known about how plants can measure extended periods of cold through the study of vernalization. In vernalization, the function of the central regulator, FLOWERING LOCUS C (FLC), is to provide an integrated memory of recent temperatures and thus allow the plant to detect the passing of winter through vernalization [8] . FLC encodes a floral repressor whose expression is gradually reduced as chilling time increases, and thus provides a memory of winter. Because of their high FLC expression in the absence of vernalization, winter annuals flower only in the second calendar year of growth. In summer annuals, which do not require vernalization for flowering and therefore flower in the same calendar year as germination, a genetic change has taken place that results in plants with constitutively low FLC activity, even in the absence of vernalization [9] . The summer annual habit has evolved independently several times, and most of these occurrences have been tracked to changes in the FRIGIDA (FRI) locus, a key activator of FLC expression [9, 10] . In contrast, very few accessions have been identified in which FLC itself is modified, which has led to the hypothesis that FLC may have a pleiotropic function not related to flowering control, for which purpose selection for functional alleles is maintained. At least two candidates for this function have been suggested: firstly, quantitative trait loci (QTLs) for FLC have a strong effect on the plant's ability to survive drought [11] , whereas FLC has also been shown to influence seed [12] . Importantly, a latitudinal cline in the magnitude of the vernalization response has been discovered, with northern accessions from Scandinavia requiring more chilling units (CUs) to repress FLC than more southerly ecotypes. Interestingly, however, neither the haplotype at the FRI locus nor the expression level of FLC is subject to the same cline, suggesting that other genetic factors are important [10, 13] . One important finding is that the maintenance of the epigenetic silencing of FLC in the warm requires a longer period of cold in the Scandinavian accessions, suggesting that variation in epigenetic processes contributes to this cline [13] . Evidence suggests that selection for non-functional FRI haplotypes has been recent, and that this has lead to an increase in rapid cycling summer annuals among wild Arabidopsis accessions [14] . One possibility is that these rapid cycling ecotypes evolved in response to changing local conditions associated with the increase in farming after the last ice age. Such studies show that understanding the genetic control of important life-history traits can lead to insights into adaptation and evolution, and that pleiotropy is an important phenomenon as the same genetic pathways can control multiple life-history traits. Pleiotropy is an obvious consequence of the fact that measurement of either daily or annual timing is a key driver of fitness for biological organisms, and that plants have one mechanism to measure time. For instance, circadian oscillators present in all eukaryotes (and some prokaryotes) are important for measuring timing, and their perturbation has costs for individual traits, including growth rate and fecundity [15] . In this context, it is clearly important that multiple loci have roles in both germination cueing and reproductive timing, including genes required for gibberellin signalling, light responsiveness, circadian oscillations and temperature responses.
TOWARDS AN INTEGRATED GENETIC UNDERSTANDING OF PLANT PHENOLOGY
In order to understand the range of evolutionary trajectories available to plants, we can consider the roles of important signalling pathways in turn: how they affect each developmental transition. A second consideration is the relative importance of each pathway, given by the dynamic range of phenotypic outputs caused by the potential loss of the pathway, or the contrasting saturating response obtained by increasing the sensitivity of each pathway to maximum. Integrating these with environmental data would show how each theoretical variant would perform in any set of seasonal environments. An example here is a study [16] , whereby for different sowing times the contribution of different molecular pathways toward the control of time to flowering is predicted by a simple thermal time model.
In Arabidopsis, temperature during seed maturation is a key determinant of dormancy, with photoperiod less important [17, 18] . Some mutants with abnormal flowering time also have abnormal dormancy [12, 19] , so time to flowering affects dormancy in two distinct manners: (i) the direct impact of the genetic consequences of altered flowering time gene levels on seed dormancy and (ii) the indirect effect of the time of year in which seed maturation occurs, and the prevailing temperature during this time. Germination in turn also affects time to flowering, so understanding the interactions between the environment, genetics and the expression of life-history traits is a non-obvious problem, the solution of which will help predict responses to changing climates, and help develop rational approaches to breeding crops with new properties. Thus, understanding control of dormancy is only possible in the context of whole plant life history. Yet, the physiology and genetics of seed responses to chilling are only poorly defined, so determining what parameters need to be measured and how these are influenced by genes and the environment is an important first step in simulating seed behaviour over temperate winters. Integrating a genetic understanding of seed responses to chilling with our current understanding of the genetics of cold responsiveness at later stages in the life cycle will enable us to understand for the first time how genetic changes at single loci will affect whole plant life history.
UNDERSTAND THE ROLE OF CHILLING IN
ARABIDOPSIS SUMMER ANNUAL PHENOLOGY Dormancy in any seed is best identified by failure of germination given ideal conditions for germination to occur [20] . Loss of dormancy in mature Arabidopsis seeds depends on three key variables: environmental temperature (especially chilling), after-ripening in the low hydrated state and soil nitrate levels. Although brief chilling spells break dormancy, extended chilling times have also been shown to be capable of inducing a secondary dormant state in the strongly dormant ecotype Cape Verde Islands (CVI) [21] , but it is not clear whether this behaviour is universal across accessions. Hence, there is a complex relationship between the accumulation of CUs and seed behaviour. In order to understand the importance of seed chilling in Arabidopsis life history, it is important to determine when chilling is perceived, and how much is necessary to break dormancy or to induce secondary dormancy. A second important determination is whether seeds in the seed bank have enough dormancy, or light requirement for germination, to accumulate enough CUs to enter secondary dormancy without germinating in the process. To investigate these traits as a function of seed-maturation temperature, we subjected wild Arabidopsis accessions, including laboratory strains, to extended periods of chilling, and recorded germination frequency after subsequent incubation in warm light conditions to examine the post-chilling dormancy state (figure 1). As observed previously [18] , lowering the seed-maturation temperature generally resulted in an increase in primary dormancy at harvest, with the exception of Catania-1 (Ct-1) and Dijon, which showed strong dormancy at harvest irrespective of seed-maturation conditions. This is likely owing to a strong genetic component of their dormancy: Dijon, for instance, has been shown to have very high transcript levels of the dormancy-inducing delay of germination 1 (DOG1) gene [22] . The common laboratory strains Columbia (Col) and Landsberg erecta (Ler) showed low dormancy when matured at 208C, such that no chilling was required for germination, but induced high levels of dormancy at lower maturation temperatures. In general, chilling up to 14 days steadily increased germination frequency, but further increasing the duration of chilling resulted in the onset of secondary dormancy. This trait was shared by most strains that showed chilling-responsive germination, and although lower seed-maturation temperature increased overall dormancy levels, it did not affect the timing of induction of secondary dormancy in most cases (figure 1): a higher resolution time series would confirm this. Thus, the ability for chilling to induce secondary dormancy observed in CVI [21] is conserved across most, if not all Arabidopsis accessions studied, and can be viewed as a function of the seed-maturation temperature. In many cases, secondary dormancy could not be induced if seed was matured at 208C, including Basel-1 (Bs-1) and Seis am Schlern (Sei-0), an accession from high altitude in central Europe, as well as Col and Ler. This experiment suggests that Arabidopsis seeds overwintering in the seed bank will enter a secondary dormant state upon chilling which is likely maintained until broken by an as yet unknown stimulus in spring. This is an important observation, as it suggests that attempts to uncover the signal that breaks seed dormancy in the spring and permits germination will not be successful unless the appropriate secondary dormant state is studied.
This experiment revealed that maintenance of the non-germinating state during dark chilling is important for seasonal behaviour, because seed that germinates during the accumulation of CUs cannot enter secondary dormancy and overwinter in the seed bank. Thus, we directly scored whether seeds germinated during the chilling treatment itself, without any light (table 1) . Strikingly, seeds from all accessions where dormancy could be broken by chilling also germinated in the dark at 48C if the seed was matured at 208C. Exceptions again were the highly dormant Ct-1 and Dijon strains, where little germination was recorded under any conditions. However, across all accessions, seed matured at either 15 or 108C was completely resistant to germination at 48C in the dark. Thus, seed matured under cooler conditions can complete the transition from primary to secondary dormancy in the dark, and this likely preadapts them to overwintering in the soil seed bank. Arabidopsis is traditionally thought of as a species with a light requirement for germination. However, under laboratory conditions, chilling can often substitute the requirement for light and promote germination [23] .
In order to understand how daily chilling varied throughout the year, and at what times of the year seeds would be expected to receive enough daily CUs to enter secondary dormancy, we analysed the annual variation in chilling at York, UK, using historic weather data. Using this approach, we can map our standard laboratory chilling conditions onto a standard autumn and ask at what time of year wild species would be expected to accumulate the same number of CUs as in our standard laboratory experiments. We used a standard thermal time definition of CUs as degree hours below a maximum threshold temperature above which no chilling is registered. Thus, the number of CUs accumulated during any 1 h period was defined as:
ð3:1Þ
where T max indicates the maximum temperature at which temperature is registered as chilling by Arabidopsis seeds, T is the temperature in degree Celsius and the minimum CUs experienced in any hour is zero. We restricted the initial minimum value of T to 08C, so that subzero temperatures have no further chilling effect in line with previous works [24, 25] . Such simple threshold models describing the effect of chilling on dormancy release have been successful, but require determination of the upper ceiling for a chilling response [26] . T max is known to vary genetically between species, and has not been estimated for our system. Therefore, we simulated the accumulation of chilling hours over a winter cycle in York using a range of ceiling temperatures from 8 to 208C (figure 2). These simulations then serve as useful guides to understanding the resolution required in determining the upper chilling ceiling experimentally, and the magnitude of the consequences in predictability when using an unrepresentative value. Overlaying a typical annual accumulation of CUs with those levels used in laboratory experiments shows that seeds with weak dormancy (normally overcome with around 3-5 days of chilling at 48C) would have their dormancy broken before the end of August in York, with a high ceiling threshold, whereas reduction of the threshold to 108C or lower delayed this until mid-October. Therefore, the ceiling below which temperatures induce a chilling response in dormancy levels is a key parameter in determining the time of year of germination. The maximum dormancy-breaking effect of chilling, occurring after 14 days at 48C in the laboratory, would occur in mid-November using a 108C ceiling, whereas secondary dormancy would be expected to be estab- Table 1 . Germination of seeds matured at the indicated temperatures after 28 days at 48C in the dark. Germination was scored as nearly all seeds germinated (triple plus, 'þþþ'), some un-germinated seeds (double plus, 'þþ'), sporadic germination only (plus, 'þ') or no germination at all (0).
of September, showing that error in the use of an incorrect ceiling temperature could result in discrepancies of over one month between observed and expected germination time in autumn. Interestingly, the time between the point of maximum dormancy breakage, and the onset of full secondary dormancy is predicted to be longer the higher the upper ceiling of chilling perception. This is because the rate of accumulation of CUs early in the autumn is lower than the rate in lateNovember. Thus, a non-obvious consequence of an increase in the upper ceiling of chilling perception is the extension of the period during which chillingresponsive seeds remain in the seed bank with a low dormancy level and therefore a high probability of germination. To test whether lowering the minimum threshold for chilling altered the rate of accumulation of CUs, we lowered the level to 2108C. This made very little difference to the rate of accumulation of CUs in our standard York autumn. These simulations show that while determining the upper ceiling for chilling is essential, there is no need to experimentally determine the lower limit. figure 1 to break the dormancy of low dormancy accessions set at 208C (5 days at 48C; green line), for maximum dormancy loss (14 days at 48C; blue line) and re-introduction of secondary dormancy (28 days at 48C; red line) are shown, in order to estimate the date these may occur in a wild setting.
4. DISCUSSION Dormancy in seeds is determined by the interaction between genetics and the environment during seed maturation. The seed-maturation environment is in turn determined by seed dormancy and germination, because the time of year of germination determines the timing of flowering and seed set. In this paper, we have argued that understanding the genetics and physiology of seed dormancy and other life-history traits will allow the reconstruction of the control of Arabidopsis lifehistory traits at the genetic level. This is essential because understanding the behaviour of extant wild accessions gives limited insight into the role that environmental selection for novel variants may play in plant responses to climate change. Because all possible genetic variants can be synthesized in the laboratory, this will provide important information on the range of life histories available for selection, and their phenology in synthetic novel climate regimes can be predicted. A good example of this approach is described by Kover et al. [27] where variation provided by 19 parent ecotypes is condensed into a relatively small population of recombinant inbred lines, which can then be screened for traits of interest. Our data show that extended chilling of multiple Arabidopsis accessions leads to secondary dormancy, as has been described previously for CVI ecotype [21] . Interestingly, the duration of chilling that leads to secondary dormancy varies little between ecotypes, or in response to seed-maturation temperature (although the actual germination frequency, indicative of the dormancy depth, does vary). This is true even for common laboratory strains if seed is set at low maturation temperatures. Importantly, we show that maturation at warmer temperatures leads to an inability to enter secondary dormant states, as extended chilling during dark imbibition leads to germination even in the absence of light (table 1) . This observation demonstrates that in the presence of sufficient soil moisture, these seeds are committed to germination in the same growing season as seed set. Whether these plants complete another life cycle prior to winter, or function as winter annuals overwintering in the vegetative state is yet to be determined. The increase in germination and then decrease as chilling times are extended has strong parallels with vernalization, where shorter two-week chilling spells often increase flowering time a little, whereas longer vernalization periods cause a marked decrease [28] suggesting a similar mechanism may be at work.
The definition of a CU may have a genetic basis, and our analysis shows that the definition has an effect on the predicted timing of germination of chilling-responsive seeds in the autumn, as well as a smaller effect on the timing of the onset of secondary dormancy. If chilling is detected at temperatures below 208C, then germination of chilling-responsive low dormant seeds is advanced into August. If threshold temperature is set at 108C, then this is delayed into September or even further into mid-October, using local temperature series measured at the University of York, UK. Thus, defining this threshold is a key step in understanding chilling responses in natural populations. During vernalization, temperatures below 108C are accepted to result in a long-term reduction in FLC transcript levels. Temperatures in the range of 10 -168C actually cause an increase in FLC expression, compared with base temperatures of 20-228C [29] . This type of threshold may have a genetic basis, and therefore may vary between strains or species. Our analysis predicts that whatever threshold for the ceiling of chilling is taken, seeds capable of entering secondary dormancy will have done to by the end of November under conditions found in York, UK. We also found that there is no theoretical need to determine the lower limit for chilling, as this is unlikely to affect our simulations of Arabidopsis phenology (figure 2). Empirical data will be required to establish the validity of the thermal time model for Arabidopsis chilling, or whether moving to a 'chilling portion' dynamic model will be necessary, as is used in predicting dormancy in perennial fruit crops [30] . These predictions will have wider utility in understanding Arabidopsis summer annual phenology, and because genes governing phenology are widely conserved among angiosperms, this approach could have utility in understanding pleiotropic consequences during plant breeding. In addition, it will be possible to establish tipping points in gene networks where the control of phenology might break down without selection of novel combinations of genes, that are not obvious from simple observational studies.
MATERIAL AND METHODS (a) Plant material and germination assays
Seeds for all lines were obtained from the Nottingham Arabidopsis Stock Centre (www.nasc.ac.uk). Plants for seed production were grown until flowering in standard long days (16 L : 8 D cycles) at a light level of 100 mmol m 22 s 21 at 208C until flowering. During seed production, plants were either maintained at 208C or transferred to either 158C or 108C, using Sanyo MLR350 growth chambers. Seed was harvested from the mother plant when approximately 50 per cent of the siliques had dehisced. Seeds were then sown directly on 0.9 per cent water agar plates and cold-treated at 48C in the dark using a Sanyo MIR154 incubator. Germination was scored at the end of the chilling period where indicated. To test whether chilling had affected dormancy, after chilling, plates were removed to a Sanyo MLR350 growth chamber running a 12 L : 12 D cycle at 228C for 7 days and germination frequencies scored. In all cases, five seed batches from five distinct mother plants were used as biological replicates.
(b) Chilling unit accumulation model Historic temperature data for York were measured by the Department of Electronics, University of York, and raw data for maximum, minimum and mean daily temperatures are available online (http://weather.elec. york.ac.uk/archive.html). The daily temperature distribution was assumed to be 6 h of each day close to the minimum, 6 h close to maximum and 12 h close to the daily average. Accumulation of CUs was estimated for temperatures between a maximum threshold (T max ) above which no chilling is perceived, and a minimum threshold (T min ) where chilling is maximized and further decreasing temperature had no additional effect, in line with previous approaches [25] . For temperatures (T ) between these thresholds, hourly CUs were calculated using the following formula: CU h 2 1 ¼ T max 2 T with CU set to a minimum value of 0 [25] . This model accurately predicts Arabidopsis responses to chilling during floral promotion [16] but further work is ongoing to test the validity of this model for the simulation of Arabidopsis seed germination in response to chilling.
